The protective mechanism of cryAB in response to stress has not been fully characterized, but a previous study (3) has indicated that cryAB binds myofilament proteins, thereby preserving contractile protein integrity and myocardial function. CryAB also translocates to the mitochondria (27) and is phosphorylated on Ser 59 (18) in response to ischemia and other stresses (17) , which is required for limiting myocardial cell apoptosis (28) , although the precise interactions mediating this protection have not been elucidated.
Apoptosis in cells occurs by two pathways: the intrinsic pathway involving mitochondria or the extrinsic pathway downstream of death receptors. The mitochondrial and death receptor pathways activate distinct apical caspases (caspase 9 or caspase 8, respectively) that activate the downstream executioner caspase 3 (43) . Ischemia or other stresses that mimic ischemia activate the intrinsic apoptotic pathway, leading to the opening of the mitochondrial permeability transition pore (MPTP) and further downstream apoptotic events, culminating in cellular demise (11) . Global ischemia as well as reperfusion have been associated with significant increases in ROS, including myocardial H 2 O 2 content (37), which plays a significant role in oxidative stress injury (39) . H 2 O 2 also leads to apoptosis in CMs, by activating the intrinsic pathway of apoptosis (41) , and thus makes H 2 O 2 a very good in vitro model of I/R injury.
The same stress stimuli that trigger apoptosis, such as oxidative stress (25, 41) , induce the synthesis of diverse HSPs, which confer a protective effect against a wide range of cellular stresses. Recent evidence indicates that many HSPs are antiapoptotic by inhibiting one or more components in the apoptotic cascade (2, 8) . In this regard, cryAB has been shown to directly interact with precursors of caspase 3 to suppress its activation in an immortalized rabbit lens epithelial cell line (25) and in breast carcinoma cells (20) . In human lens epithelial cells, cryAB has also been shown to interact with the proapoptotic proteins Bax and Bcl-X S , preventing their translocation from the cytosol to the mitochondria, thus leading to decreased apoptosis (26) . The antiapoptotic mechanisms of cryAB in CMs, however, have not been fully characterized. Thus, the purpose of this study was to elucidate the mechanisms by which cryAB prevents apoptosis in CMs with a specific focus on the mitochondrial pathway in response to H 2 O 2 -induced oxidative stress, an in vitro model that mimics I/R (37) .
MATERIALS AND METHODS
Neonatal CM isolation and culture. Neonatal mice were euthanized using isoflurane, in accordance with procedures approved by our institutional Animal Care and Ethics Committee. Hearts were harvested and placed in ice-cold Hanks' solution [containing 136 mM NaCl, 4.2 mM KCl, 5.6 mM dextrose, 0.44 mM KH 2PO4, 0.34 mM NaH2PO4, 4.2 mM NaHCO3, 5 mM HEPES (pH 7.4), and 100 U/ml penicillin-streptomycin (Invitrogen)]. Atria were removed and discarded, and ventricles were cut into small pieces (2-4 pieces/heart) and washed several times with Hanks' solution. After washes, tissues were incubated in fresh Hanks' solution with 1 mg/ml collagenase type II (Worthington Biochemicals) and subjected to gentle rocking for 2 h at room temperature. The suspended cells were pelleted by centrifugation at 800 g for 5 min. Fibroblasts were removed through preplating in 10% FBS-containing media for 1 h.
Lentivector production and transduction of neonatal CMs. Lentivector compatible short hairpin (sh)RNA clones targeting mouse cryAB were obtained from Open-Biosystems (Thermo Scientific). The scrambled shRNA construct used as a negative control was a kind gift from Stephane Angers (University of Toronto, Toronto, ON, Canada). Lentivector production and transduction of neonatal CMs were performed as previously described (5) . Plasmids were isolated using Qiagen Maxi preparations according to the manufacturer's instructions. The packaging plasmid (pCMV-R8.74psPAX2, 2.5 g), envelope plasmid (VSV-G/pMD2.G, 0.3 g), and target construct plasmid (pLKO.1, 2.7 g) expressing either the shRNA or scrambled (Scram) shRNA (as a negative control) were simultaneously transduced into human embryonic kidney (HEK)-293T cells using FuGene (Roche) diluted in Optimem (Invitrogen). Neonatal CMs were incubated with supernatant from transduced HEK-293T cells for 21 h, after which the medium was replaced daily. Transduced CMs were selected by an incubation with 2 g/ml puromycin for 48 h to remove all nontransduced cells to ensure a homogenous population of transduced cells.
Subcellular fractionation and sucrose gradient separation. Adult mice were euthanized by CO 2 asphyxiation. Hearts were harvested, and ventricular tissue was isolated. The tissue was rinsed with ice-cold PBS to remove any remaining blood and placed in ice-cold lysis buffer [containing 250 mM sucrose, 50 mM Tris·HCl (pH 7.4), 5 mM MgCl2, 1 mM DTT, and 1 mM PMSF]. The tissue was dounce homogenized, and differential centrifugation was carried out to isolate nuclear, cytosolic, microsomal, and mitochondrial fractions, as previously described (9) . The homogenized sample was also used for sucrose gradient separation, as previously described (34) .
CMs from neonatal mice were cultured as described above. Cells were maintained in culture for 5 days, and on the sixth day they were either maintained in culture or stressed with H2O2 (ranging in concentration from 0 to 200 M) for 24 h. CMs were rinsed with PBS and collected in lysis buffer as described above. CMs in lysis buffer were dounce homogenized, and differential centrifugation was carried out to isolate cytosolic and organellar (including the mitochondria) fractions, as previously described (9) .
Sample preparation for transmission electron microscopy. CM fixation was performed at the Department of Pathology and Laboratory Medicine of Mount Sinai Hospital (Toronto, ON, Canada). Briefly, neonatal CMs transduced with either Scram shRNA or cryAB-targeting shRNA [cryAB knockdown (KD)] for transmission electron microscopy (TEM) were fixed in 2% glutaraldehyde in 0.1 M sodium cacodylate buffer, rinsed in buffer, postfixed in 1% osmium tetroxide in buffer, dehydrated in a graded ethanol series followed by propylene oxide, and embedded in Quetol-Spurr resin. Sections (100 nm thick) were cut on an RMC MT6000 ultramicrotome, stained with uranyl acetate and lead citrate, and viewed in an FEI Tecnai 20 TEM.
Immunogold labeling. Immunogold labeling of cryAB was performed at the Department of Pathology and Laboratory Medicine of Mount Sinai Hospital. Whole hearts from adult mice were fixed in 4% paraformaldehyde and 0.1% glutaraldehyde in 0.1 M sodium cacodylate buffer, rinsed in buffer, dehydrated in a graded ethanol series with progressive lowering of temperature, and embedded in LR white resin. Sections (100 nm thick) were cut on an RMC MT6000 ultramicrotome, labeled with anti-cryAB and anti-phosphorylated cryAB (PcryAB) antibodies followed by 10-nm gold-conjugated secondary antibodies, stained with uranyl acetate and lead citrate, and viewed in an FEI Tecnai 20 TEM. Negative controls consisted of gold-conjugated secondary antibody alone.
Viability assays. Neonatal CMs were subjected to 60 M H2O2 for 24 h. Viability assays were carried out using a cell counting kit (CCK-8, Dodinjo) according to the manufacturer's instructions. Early apoptosis was determined based on the dissipation of mitochondrial membrane potential, as measured by JC-1 fluorescent dye (Abcam), a mitochondrial dye, which was added at a concentration of 2.0 M (10) according to the manufacturer's instructions. Apoptosis was measured by detecting caspase 3 activity using an assay (R&D Systems) as per the manufacturer's instructions and by labeling of TUNEL-positive nuclei (PRP-Histology Laboratory, University Health Network, Toronto, ON, Canada). The caspase 3 inhibitor Z-D(OMe)-E(OMe)-V-D(OMe)fluoromethyl ketone (Z-DEVD-FMK; R&D Systems) was used at a concentration of 100 M (7) according to the manufacturer's instructions.
ROS detection and inhibition. The presence of ROS in cultured wild-type (WT) and KD neonatal CMs was detected using CellROX deep red reagent (Invitrogen), a fluorogenic probe, according to the manufacturer's instructions. Briefly, CMs were seeded on 96-well plates and transduced with Scram shRNA or shRNA for cryAB and maintained in culture or stressed with 60 M H 2O2. The dye was then added at a concentration of 5 M, and fluorescence was measured with a Perkin-Elmer plate reader. The ROS scavengers tiron (41) and sodium pyruvate (42) (Sigma) were used at concentrations of 1.0 mM.
Coimmunoprecipitation. Immunoprecipitations were carried out using protein A/G-agarose beads (Thermo Scientific). Briefly, heart tissue homogenates were obtained from WT control hearts or hearts exposed to 100 M H2O2 for 1 h (41). The tissue was collected in lysis buffer, as described above. The lysate was cleared by centrifugation for 15 min at 8,000 g at 4°C. To allow antibody-protein complex formation, the cleared lysate was incubated at 4°C under continuous rotation with antibody in binding buffer [140 mM NaCl and 14 mM KCl (pH 7.4)] and 0.1% Triton X-100 with 0.01% BSA for 2 h. Protein A/G-agarose beads were blocked in 0.1% BSA in binding buffer for 2 h. The beads were pelleted, added to the protein sample, and rotated overnight at 4°C. Samples were washed three times and eluted in 0.1 M glycine (pH 2.4).
Immunoblot analysis. Total cellular protein was harvested from control cardiac ventricular homogenates from WT animals or from cardiac ventricular homogenates stressed with 100 M H2O2 for 1 h and was subjected to standard immunoblot analysis. Protein concentrations were determined by Bradford assay, and equal protein levels were loaded. The following antibodies were used to target specific proteins: rabbit polyclonal to cryAB (Stressgen, 1:1,000), Ser 59 PcryAB (Stressgen, 1:1,000), rabbit polyclonal to caspase 3 (Abcam, 1:1,000), rabbit polyclonal to caspase 12 (Abcam, 1:1,000), mouse monoclonal to caspase 9 (Cell Signalling Technologies, 1:1,000), rabbit polyclonal to cytochrome c (Cell Signalling Technologies, 1:1,000), goat polyclonal to voltage-dependent anion channel (VDAC; Santa Cruz Biotechnology, 1:100), mouse monoclonal to translocase of outer mitochondrial membranes 20 kDa (TOM 20; Santa Cruz Biotechnology, 1:1,000), and mouse monoclonal to cryAB (Santa Cruz Biotechnology, 1:100).
Immunofluorescence. Adult CMs were isolated as previously described (33) and fixed in ice-cold 90% methanol. Staining was performed as previously described (34) . Briefly, cells were dissociated in modified Hanks' solution (Hanks' solution containing 10 mM taurine, 0.1 mM EGTA, 10 mM 2,3-butanedione monoxime, 1 mg/ml BSA, and 1 mg/ml collagenase) with a magnetic stir bar added to the tube and rotated very gently at 37°C for 5 min to dissociate cells. Once dissociated, cells were fixed in 90% ice-cold methanol. For immunofluorescence, nonspecific interactions were first suppressed with 5% horse serum in permeabilization buffer [0.2% Tween 20 and 0.5% Triton X-100 in PBS (pH 7.0)] for 30 min, and samples were then incubated with primary antibodies in permeabilization buffer overnight at 4°C. Samples were then washed three times with PBS and incubated with either Alexa fluor 488 or Alexa fluor 633. Twodimensional images were collected using a Leica DM IRBE inverted microscope equipped with a Leica TCS SP laser scanning confocal system. Spectra for Alexa fluor 488 were collected by excitation at 488 nm and emission between 490 and 510 nm; images for Alexa fluor 633 were collected by excitation at 633 nm and emission between 640 and 670 nm. Three-dimensional (3-D) images were collected using a Quorum Angstrom Grid Axiovert 200M inverted structured illumination microscope system. For 3-D region of interest analyses, sequential sections of stained cells were acquired for 3-D image reconstruction and colocalization measurements. A 3-D volume was constructed from sequential z-sections of cells using Imaris software (version 7.4.2, Bitplane, Zurich, Switzerland). Colocalization statistics were calculated using Imaris software.
Statistical analysis. Statistical differences were determined by ANOVA and an unpaired Student's t-test. Post hoc Tukey tests were performed when ANOVA was significant. Two-way ANOVA was used to determine interactions between independent variables, cryAB KD and viability, or cryAB KD and apoptosis. Results were considered significant at P Ͻ 0.05.
RESULTS

Expression pattern of cryAB in mouse cardiac muscle.
CryAB protein is diffusely present in the cytosol under normal physiological conditions in CMs (23) . To determine the endogenous distribution of cryAB protein among different cellular compartments, subcellular fractionation of adult mouse hearts was performed by differential centrifugation and sucrose gradient separation. Differential centrifugation was used to generate nuclear, cell organellar (including the mitochondria), microsomal, and cytosolic fractions. The positive fraction markers used were GAPDH for the cytosol, histone H3 for the nucleus, Na ϩ -K ϩ -ATPase for the microsomes, and VDAC for the organellar/mitochondrial fraction. As shown in Fig. 1A , fractions were relatively pure, as GAPDH was exclusively found in the cytosolic fraction, VDAC was found restricted to the mitochondrial fraction, histone H3 was preferentially found in the nuclear fraction, and Na ϩ -K ϩ -ATPase was predominately found in the microsomal fraction with some expression in the organellar/mitochondrial fraction. Immunoblot analysis for the expression of cryAB in each subcellular fractions showed the highest levels (83% of total levels) seen in the cytosol, in agreement with the literature (23) . The remaining levels were 4% of total levels in the microsomal fraction, 12% of total levels in the nuclear fraction, and negligible levels (Ͻ1%) in the nuclear fraction (Fig. 1A) . PcryAB, on the other hand, was predominately found in the mitochondrial fraction (75% of total levels) and at lower levels in the cytosol (25% of total levels). The cytosolic localization of cryAB was further confirmed by sucrose gradient separation of whole heart lysates. As shown in Fig. 1B , cryAB was restricted to fractions 4 -6, with some expression in fraction 7. These data are consistent with GAPDH, a known cytosolic protein, which was also detected in fractions 4 -6. VDAC, a mitochondrial marker, was mainly isolated with fractions 2-4 and showed some expression in fractions 5 and 6. PcryAB was mainly isolated in fractions 2 and 3, consistent with VDAC, and to a lower extent in fraction 4, consistent with GAPDH, suggesting a mainly mitochondrial localization of PcryAB. Na ϩ -K ϩ -ATPase, a plasma membrane protein normally found within the microsome biochemical fraction (22) The distribution of GAPDH as a marker for the cytosolic fraction, histone H3 for the nuclear fraction, and Na ϩ -K ϩ -ATPase for the microsomal fraction was assessed. A minimum of three experiments was performed for each fractionation. B: subcellular fractionation of wild-type (WT) adult mouse heart lysates run on a continuous 20 -60% sucrose gradient. Fractions 1-12 contained the highest to lowest sucrose concentrations, respectively. The mitochondrial marker voltage-dependent anion channel (VDAC), the plasma membrane protein marker Na ϩ -K ϩ -ATPase, and GAPDH as a cytosol protein were detected as markers to monitor the fractionation procedure. A minimum of 3 experiments was performed for each gradient. C: electron microscopy images showing immunogold staining of cryAB and PcryAB under control conditions along with negative controls for cryAB and PcryAB staining. *Presence of gold particles. Scale bar ϭ 100 nm. Images are representative of a minimum of 50 separate microscopy fields.
Finally, electron microscopy images showed the distribution of cryAB in the cytosol and PcryAB predominantly in the mitochondria in adult mouse cardiac muscle. The representative images shown in Fig. 1C demonstrate that ϳ75% of goldlabeled cryAB (111 of 149 particles in 10 separate images) were found in the cytosol, 11% in the mitochondria, and 14% associated with the sarcomeres. When similar experiments were performed using gold-labeled PcryAB antibody, 75% of the gold particles were found in the mitochondria, whereas 10% were found in the cytosol and 15% were in the sarcomeres (73 total particles were observed in 10 separate images). Negative controls were labeled with gold-conjugated secondary antibody alone.
CryAB silencing induces loss of viability in CMs. To determine whether cryAB expression in mouse CMs affects cell viability, we silenced cryAB using lentivector-mediated transduction of shRNA targeting cryAB expression. Figure 2A shows the reduced levels of cryAB expression after the transduction of cryAB-specific shRNA lentivirus relative to a Scram shRNA (control vector). The transduction resulted in reduced cryAB expression to 28 Ϯ 2% in KD CMs compared with Scram shRNA CMs (P Ͻ 0.05; Fig. 2, A and B) .
Since cryAB has antiapoptotic properties (25, 28, 32) and a previous study (25) To confirm the activation of apoptosis at baseline and after exposure to H 2 O 2 , we measured caspase 3 activity in control and cryAB KD CMs under resting conditions and after exposure to H 2 O 2 and in the absence or presence of caspase 3 inhibitors (Fig. 2D) . Caspase 3 activity levels in Scram shRNA CMs under baseline conditions were set as a reference level of 1 arbitrary unit (AU). In cryAB KD CMs, caspase 3 activity levels were significantly higher than in Scram shRNA control CMs (130 Ϯ 2%) at rest (P Ͻ 0.05). The addition of caspase 3 inhibitors had negligible effects on caspase 3 activity levels in Scram shRNA CMs under basal conditions, bringing the levels down to 90 Ϯ 2% compared with baseline conditions. In KD CMs, however, caspase 3 activity levels were significantly lowered to 70 Ϯ 2% of their baseline levels after the addition of caspase 3 inhibitors (P Ͻ 0.05). As expected, after exposure to H 2 O 2 , caspase 3 activity levels increased to 240 Ϯ 4% in control CMs (P Ͻ 0.05), whereas in KD CMs, they increased approximately fivefold with the addition of H 2 O 2 (460 Ϯ 5% relative to Scram shRNA CM baseline levels). The addition of H 2 O 2 together with caspase 3 inhibitors resulted in caspase 3 activity levels close to those observed at basal conditions (110 Ϯ 3%) in Scram shRNA CMs and KD CMs (120 Ϯ 3% of reference levels). We confirmed the levels of apoptosis in Scram shRNA CMs and cryAB KD CMs at baseline and after exposure to 60 M H 2 O 2 by TUNEL staining. Analysis of TUNEL-positive nuclei (Fig. 2E) showed a significantly higher percentage of TUNEL-positive nuclei in cryAB KD CMs compared with Scram shRNA CMs at baseline (30 Ϯ 3% vs. 9 Ϯ 2%, P Ͻ 0.05) and after exposure to H 2 O 2 (67 Ϯ 6% vs. 30 Ϯ 5%, P Ͻ 0.05). These results suggest that KD CMs underwent apoptosis by activation of caspase 3 more readily compared with Scram shRNA CMs at baseline, an effect that was exacerbated after exposure to H 2 O 2 , suggestive of a protective role for cryAB against apoptosis.
To determine whether cryAB KD and exposure to H 2 O 2 are interacting variables affecting CM viability, we performed two-way ANOVA and found that, although cryAB KD had significant effects on lowering viability (P Ͻ 0.05) and exposure to H 2 O 2 also significantly lowered viability at all concentrations tested in Scram shRNA and cryAB KD CMs (P Ͻ 0.05), the effects of cryAB KD and H 2 O 2 exposure combined on CM viability seemed to be additive. In other words, the interaction of cryAB KD and H 2 O 2 exposure only approached statistical significance (P ϭ 0.1). However, as shown in Fig. 2 , A and B, cryAB silencing was not 100% efficient, which could account for the higher than expected viability that was observed in cryAB KD CMs in the presence of extrinsic oxidative stress. We performed two-way ANOVA to determine whether cryAB KD and exposure to H 2 O 2 were interacting variables affecting CM apoptosis. CryAB KD and H 2 O 2 were interacting variables (P Ͻ 0.05) that had synergistic effects on caspase 3 activity levels as well as on TUNEL staining (P Ͻ 0.05). These results suggest that although cryAB KD does not seem to have a significant effect on CM viability after H 2 O 2 , it does, however, have a significant effect on CM apoptosis, as measured by caspase 3 activity levels and TUNEL staining.
Upregulation and translocation of cryAB to the mitochondria under stress conditions. Expression levels of cryAB have been shown to increase in response to H 2 O 2 exposure (35) . To determine whether similar upregulation occurs in our CM model, CMs isolated from adult mice were treated with 100 M H 2 O 2 , based on the literature (41), and cryAB levels were determined. Compared with untreated conditions, after exposure to H 2 O 2 , total cryAB levels were significantly increased (2.1-fold over control levels, P Ͻ 0.05). PcryAB levels were also significantly increased under H 2 O 2 treatment, with a 1.8-fold increase (P Ͻ 0.05) in protein levels (Fig. 3, A and B) .
Under conditions of I/R, cryAB translocates to the mitochondria and contractile units (19) . After I/R, phosphorylation of cryAB on the Ser 59 residue enhances protection against apoptosis, and it has been suggested that cryAB and PcryAB may have different protective effects in CMs (19) Figure 3 , C and D, shows higher levels of cryAB expression in the cytosol and lower levels in the mitochondria. Under normal culture conditions, cryAB levels observed in the cytosol were 4.8-fold higher than the levels observed in the mitochondria. In contrast, upon exposure to 60 M H 2 O 2 , cryAB translocated to the mitochondria, resulting in a 2.1-fold increase in cryAB levels associated with the mitochondria compared with control conditions (P Ͻ 0.05). PcryAB, on the other hand, was found at very low levels in the cytosol compared with the levels observed in mitochondria. Expression ratio levels of PcryAB were calculated to be 1:5 cytosolic to mitochondrial. Under stress conditions, PcryAB was almost exclusively associated with the mitochondria, with only Ͻ5 Ϯ 0.2% of total PcryAB detected in the cytosol (P Ͻ 0.05; Fig. 3, C and D) . GAPDH and VDAC were used as fraction markers for the cytosol and mitochondria, respectively. Under control conditions, GAPDH and VDAC were exclusively found in the cytosolic and mitochondrial fraction, respectively. Taken together, these findings suggest that part of the protective mechanism of cryAB after exposure to oxidative stress may involve its translocation to the mitochondria.
CryAB silencing induces mitochondrial dysfunction. Since CM viability was significantly decreased under control conditions in cryAB KD CMs, it was of interest to determine the cause for the increased cell death in the absence of a stressor. The association of cryAB and PcryAB with the mitochondria after exposure to oxidative stress suggested potential mitochondrial involvement in cryAB KD-induced apoptosis. Furthermore, previously, cryAB R120G transgenic mice were demonstrated to exhibit desmin-related cardiomyopathy where mitochondrial respiration was compromised, leading to alterations in the permeability transition pore, compromised inner membrane potential, and elevated levels of apoptosis (24) . To test whether reduced levels of cryAB might affect the mitochondria by the induction of oxidative stress, the levels of ROS in cryAB KD and Scram shRNA CMs were determined at baseline, after exposure to 60 M H 2 O 2 , and in the presence of ROS scavengers (Fig. 4A) . At baseline, ROS levels in cryAB KD CMs were 1.9-fold higher than levels observed in Scram shRNA CMs (P Ͻ 0.05). With the addition of ROS scavengers, ROS levels were decreased in Scram shRNA CMs to 75 Ϯ 2% of the levels observed in Scram shRNA cells without ROS inhibition. In cryAB KD CMs treated with ROS scavengers, ROS levels were decreased to near control levels of 110 Ϯ 3% relative to baseline levels observed in Scram shRNA CMs (significantly different compared with untreated cryAB KD CMs, P Ͻ 0.05). These results suggest that some oxidative stress was associated with the culture process but that there was higher production of ROS by the mitochondria in cryAB KD CMs with or without scavengers. After the addition of H 2 O 2 , there was a 2.4-fold increase in ROS levels in Scram shRNA CMs (P Ͻ 0.05) and much greater 5.8-fold increase in cryAB KD CMs (P Ͻ 0.05) relative to reference levels in Scram shRNA CMs. In the presence of H 2 O 2 and ROS scavengers, cells with Scram shRNA showed a 54 Ϯ 7%, decrease in ROS levels compared with H 2 O 2 treatment alone, whereas in KD CMs, ROS levels were decreased to 55 Ϯ 4% compared with levels observed with H 2 O 2 treatment alone but still remained elevated compared with Scram shRNA CMs (P Ͻ 0.05; Fig.  4A ). These results suggest that the oxidative stress observed at baseline in Scram shRNA and KD CMs is exacerbated by the addition of exogenous H 2 O 2 .
To determine the effect of reduced expression of cryAB and ROS production on mitochondrial function, we assessed the dissipation of mitochondrial membrane potential, an indicator of early apoptosis, using the mitochondrial dye JC-1. Increased dissipation of the mitochondrial membrane potential in cryAB KD CMs was observed compared with Scramb shRNA/control CMs at baseline. This effect was illustrated by the significant loss of JC-1 red fluorescence in cryAB KD CMs to 63 Ϯ 8% of the levels that were observed in Scram shRNA/control CMs at baseline (P Ͻ 0.05). In the presence of ROS scavengers under control conditions, JC-1 fluorescence was increased by 12 Ϯ 7% in control CMs relative to initial levels at rest (P Ͻ 0.05) and by 2 Ϯ 0.5% in KD CMs (P Ͻ 0.05) relative to their initial levels at rest. These results suggest that both control and KD CMs were exposed to oxidative stress under cell culturing conditions but that dissipation of membrane potential only occurred in KD CMs in the absence or presence of ROS scavengers. The increased ROS observed in KD CMs may occur alongside mitochondrial structure alterations that cannot be salvaged by the removal of ROS alone, pointing to an involvement of cryAB at the mitochondrial level. After exposure to 60 M H 2 O 2 , JC-1 fluorescence decreased to 32 Ϯ 2% in Scram shRNA CMs (P Ͻ 0.05) and to only 9 Ϯ 1% (P Ͻ 0.05) in cryAB KD CMs (Fig. 4B ). In the presence of H 2 O 2 together with ROS scavengers, JC-1 fluorescence was 63 Ϯ 3% of its original value in control CMs. In KD CMs, JC-1 fluorescence was 26 Ϯ 3% of its original value (P Ͻ 0.05). Together, these results suggest that the increased ROS levels in cryAB KD CMs contributed to the loss of mitochondrial membrane potential, which cannot be overcome with free radical scavengers (Fig. 4B ) .
Since we observed mitochondrial dysfunction in cryAB KD CMs, we investigated whether mitochondrial ultrastructure was disturbed by cryAB silencing. Electron microscopy images showed that in CMs transduced with Scram shRNA, the mitochondria were intact, with dense, well-ordered cristae (Fig. 5, A and B) . However, in cryAB KD CMs, approximately half of the observed mitochondria exhibited altered morphology and loss of density and organization of cristae, suggestive of mitochondrial swelling and rupture of the inner membrane (Fig. 5, C and D) . These results are consistent with our earlier results of mitochondrial dysfunction and increased ROS production (Fig. 4, A and B) .
Identification of cryAB interactions with proteins involved in apoptosis after exposure to H 2 O 2 . Our results suggest an involvement of cryAB in preventing ROS-induced apoptosis at the level of the mitochondria. Furthermore, in response to oxidative stress, cryAB and PcryAB have been observed to associate with the mitochondria (19) ; thus, an interaction with mitochondrial proteins (such as VDAC and TOM 20) may stabilize the mitochondria and, ultimately, prevent mitochondria-induced apoptosis. We hypothesized that cryAB also potentially regulates the apoptotic cascade downstream of the mitochondria by interacting with cytochrome c, caspase 9, caspase 3, and caspase 12. To mimic and exacerbate the oxidative stress observed after cryAB KD, we exposed adult WT CMs to 100 M H 2 O 2 (40) . Colocalization of cryAB with these proteins was shown by qualitative fluorescence images of adult CMs under control conditions and after exposure to 100 M H 2 O 2 imaged for cryAB, in the green channel at 488 nm, and TOM 20, VDAC, cytochrome c, or caspase 3, imaged in the red channel at 633 nm (Fig. 6, A and B) . The right images in Fig. 6, A and B, show the overlap of cryAB with TOM 20, VDAC, cytochrome c, and caspase 3, suggestive of a potential interaction of cryAB with these proteins. Colocalization statistics and Pearson and Manders' coefficients (with M 1 being indicative of the fraction of cryAB green staining overlap with red staining of TOM 20, VDAC, cytochrome c or caspase 3 and M 2 being indicative of the fraction of TOM 20, VDAC, cytochrome c, or caspase 3 red staining overlap with cryAB green staining) were determined for the two-dimensional images using ImageJ JACoP (Table 1 ). This analysis indicated a significant degree of colocalization between cryAB and TOM 20, between cryAB andVDAC, between cryAB and cytochrome c, and between cryAB and caspase 3. Colocalization was significantly increased after treatment with 100 M H 2 O 2 for cryAB and TOM 20, cryAB and VDAC, cryAB and cytochrome c, and cryAB and caspase 3. In addition, we performed a comprehensive 3-D analysis of ϳ100-m-thick z-stacks to assess colocalization of cryAB with TOM 20, VDAC, cytochrome c, and caspase 3 under control conditions (Fig. 6C) and after 100 M H 2 O 2 (Fig. 6D) . This analysis indicated a significant degree of colocalization between cryAB and TOM 20, cryAB and VDAC, cryAB and cytochrome c, and cryAB and caspase 3. The extent of colocalization was enhanced after treatment with 100 M H 2 O 2 for all proteins (Fig. 6D) . After exposure to 100 M H 2 O 2 , immunoblot analysis of cellular lysates showed significant increases in the levels of cryAB (82.7 Ϯ 2.9 AU in H 2 O 2 vs. 24.2 Ϯ 7.7 AU in controls, P Ͻ 0.05) and PcryAB (17.9 Ϯ 1.1 AU in H 2 O 2 vs. 5.1 Ϯ 1.5 AU in controls, P Ͻ 0.05; Fig. 7A ). Levels of cleaved caspase 3 (9.7 Ϯ 0.8 AU in H 2 O 2 vs. 2.6 Ϯ 0.3 AU in controls, P Ͻ 0.05) and cleaved caspase 12 (56.4 Ϯ 4.3 AU in H 2 O 2 vs. 13.3 Ϯ 0.9 AU in controls, P Ͻ 0.05) showed significantly increased expression levels. However, expression levels of TOM 20 (39.7 Ϯ 6.7 AU in H 2 O 2 vs. 36.9 Ϯ 5.0 AU in controls) and VDAC (36.2 Ϯ 0.5 AU in H 2 O 2 vs. 35.0 Ϯ 4.6 AU in controls) were not significantly different from controls.
Next, we immunoprecipitated cryAB and PcryAB under control conditions from adult mouse cardiac tissue. CryAB and PcryAB both formed complexes with TOM 20, VDAC, uncleaved and cleaved caspase 3, caspase 9, and caspase 12 (Fig.  7B) . We performed similar experiments using cardiac tissue exposed to 100 M H 2 O 2 and observed that cryAB and PcryAB appeared to precipitate greater amounts of TOM 20, VDAC, uncleaved and cleaved caspase 3, and caspase 12 in the eluate from CMs exposed to 100 M H 2 O 2 compared with control conditions (results not shown), suggesting a potential increase in the level of interaction after exposure to oxidative stress. We made numerous attempts to determine interactions of either cryAB or PcryAB with Bcl-X S and Bax (26) but were unable to detect signals under these conditions. Neither cryAB nor PcryAB were found to precipitate with cytochrome c, suggesting that their colocalization (Fig. 6) was not indicative of an interaction between these proteins.
Since cryAB and PcryAB appeared to precipitate caspase 12 under control conditions (Fig. 7B) , we hypothesized that this potential interaction led to decreased caspase 12 activation. Cleaved caspase 12 levels (30) were assessed in control CMs and KD CMs in the absence or presence of H 2 O 2 . Immunoblot analysis and quantification showed a significant sixfold increase in levels of cleaved caspase 12 in cryAB KD CMs compared with Scram shRNA control CMs at baseline (P Ͻ 0.05; Fig. 7, C and D) . After H 2 O 2 , cleaved caspase 12 showed a 2.1-fold increase in Scram shRNA CMs and an ϳ10-fold increase in cryAB KD CMs, suggestive of an exacerbation of caspase 12 activation in cryAB KD CMs after exposure to H 2 O 2 .
DISCUSSION
This study provides evidence of a cytosolic to mitochondrial translocation of cryAB and PcryAB in adult mouse CMs in response to H 2 O 2 -induced oxidative stress. Upregulation of total cryAB levels after H 2 O 2 exposure and the significant reduction in viability in mouse neonatal cryAB KD CMs suggest that cryAB is protective against apoptosis. Immunoprecipitation assays indicated that cryAB intervenes at multiple points in the intrinsic apoptotic cascade by interacting with TOM 20, VDAC, caspase 3, and caspase 12 [activated by ER stress (30) ] and that these interactions may be part of the protective mechanism of cryAB in CMs.
One of the conclusions of this study is that the protective mechanism of cryAB in ROS-induced cell death may involve its stabilization of the mitochondria. Our results extend earlier findings regarding cryAB localization (28) . PcryAB was associated with the mitochondria even under control conditions (Fig. 1) , and this association increased significantly under conditions of oxidative stress (Fig. 3) . It is possible that through this association, PcryAB binds and stabilizes or modulates the activity of MPTP proteins, preventing pore opening and ensuing apoptosis. Furthermore, our results indicate that the interaction of cryAB or PcryAB with VDAC may be important for the protective mechanism, as it was significantly increased under stress conditions ( Fig. 7 and results not shown). VDAC is a protein located in the outer mitochondrial membrane and mediates the transport of anions, cations, ATP, Ca 2ϩ , and many metabolites between the mitochondria and the cytosol (36) . VDAC has also been recognized as having a key role in mitochondria-mediated apoptosis by interacting with both anti-and proapoptotic proteins to regulate cytochrome c release and thus mitochondria-mediated apoptosis (36) . By interacting with VDAC, cryAB and/or PcryAB may stabilize the mitochondrial membrane, thus blocking the first step in the mitochondrial pathway of apoptosis. In agreement with this, a previous study (1) has shown that VDAC directly interacts with Bcl-x L in HEK-293 cells and that this interaction results in decreased channel conductivity and decreased staurosporine-induced apoptosis. The interaction of cryAB and PcryAB with TOM 20 can also act as a stabilizing force. TOM 20 is a member of the outer mitochondrial membrane protein translocase involved in transporting preproteins into the mitochondria (13) . A previous study (6) has shown that TOM 20 is prone to unfolding in response to I/R in the myocardium. By maintaining the structure of TOM 20, HSPs (including Hsp70) have been suggested to contribute to protection of the myocardium in ischemic preconditioning (6) . Furthermore, the unfolding of proteins when transported through TOM 20 may act as a stimulus to attract cryAB and PcryAB to the mitochondria. We have shown by electron microscopy that PcryAB was present in the mitochondria; thus, an interaction with proteins found in the outer and inner mitochondrial membrane would be feasible. Furthermore, a previous study (8) has shown that cytosolic HSPs can localize to the interior of the mitochondria, for instance, Hsp25 binds to and protects mitochondria cytochrome complex I from oxidative stress in PC12 cells. Therefore, the interaction of cryAB with proteins in the inner mitochondrial membrane may be a central mechanism by which cryAB prevents apoptosis. Interestingly, cryAB has been shown to interact with the proapoptotic proteins Bax and Bcl-X S , preventing their translocation from the cytosol into mitochondria, thus maintaining mitochondrial integrity and leading to decreased apoptosis (26) .
A second conclusion that can be drawn from the present study is that while cryAB KD does not seem to have a significant effect on CM viability after H 2 O 2 , it does, however, interact with oxidative stress-mediated apoptosis. This effect can be explained by the fact that viability measures are not sensitive enough to detect interactions between cryAB KD and H 2 O 2 exposure, as they take into account various types of cell death (autophagy, necrosis, and apoptosis), not apoptosis alone.
Our results suggest that cryAB is protective against mitochondrial oxidative stress-induced apoptosis in CMs at baseline and after extrinsically exacerbated oxidative stress. Much like other HSPs that confer a protective effect against a wide range of cellular stresses, cryAB is induced by cellular stresses (9), such as oxidative stress, and is involved in protection against such stress. We found that at baseline, cryAB KD CMs were already subject to oxidative stress by increased ROS production, which decreased their viability. Previously, it has been shown that in heat shock factor 1 knockout mice, which have reduced expression of Hsp70, Hsp25, and cryAB, there is increased mitochondrial oxidative damage (44) , and, here, we show that silencing of cryAB alone induced increased oxidative damage at the mitochondrial level as well as loss of mitochondrial membrane potential. The mitochondria are a major source of ROS and oxidative stress, and they trigger ROS-induced activation of the intrinsic apoptotic pathway by releasing cytochrome c (12) . Hence, KD of cryAB could contribute to increased mitochondria-induced apoptosis by ROS-induced ROS production (45) . Increased ROS production as a result of alterations to the mitochondrial membrane potential and electron transport chain would trigger a feedforward, subsequent increased level of ROS production, leading to apoptosis. The electron microscopy images in the present study support this speculation, as they showed significantly altered mitochondrial ultrastructure in cryAB-silenced cardiomyocytes, suggestive of mitochondrial permeabilization and rupture (Fig. 5) , which would lead to apoptosis induction. Furthermore, given the ability of antioxidants to protect against apoptosis in I/R injury by blocking the increased expression of p53, Bax, and caspase 3 and by inhibiting caspase 3 activation (31), it may be that the oxidative stress imposed by cryAB KD functions by the opposite mechanism, increasing the expression of proapoptotic proteins and stimulating apoptosis.
Downstream of the interactions with mitochondrial proteins, cryAB may also protect from apoptosis induced by oxidative stress by interacting with caspase 3 and caspase 12, further suggesting an involvement of cryAB in protection against not only the intrinsic pathway but also ER stress-induced apoptosis (41) . In the present study and those of others (20, 21) , cytosolic cryAB appears to interact with uncleaved caspase 3 to prevent its cleavage, and therefore its activation, thus preventing progression along the apoptotic cascade. In the absence of cryAB, caspase 3 activity increased, and it resulted in the higher levels of apoptosis observed in cryAB KD CMs. The apparent increased interactions of cryAB with cleaved caspase 3 observed in the present study have not been reported previously, to our knowledge. This may be indicative of the potential ability of cryAB to bind and inhibit active caspase 3, even after its cleavage, thus potentially inhibiting its proteolytic activity and cleavage of substrates in the cell and providing an additional point for intervention in preventing apoptosis in CMs. CryAB has been shown to bind caspase 12. Caspase 12 is activated by ER stress (30) , suggesting that cytosolic cryAB is also potentially involved in preventing ER stress-induced apoptosis. ER stress also contributes to apoptosis, by leading to the release of Ca 2ϩ from the ER, causing depletion of ER Ca 2ϩ and activating Ca 2ϩ -dependent endonucleases involved in DNA fragmentation (14) . Furthermore, Ca 2ϩ is also believed to modulate cytochrome c release directly by regulating the MPTP, leading to apoptosis (15) . As a molecular chaperone, cryAB would be induced in response to ER stress, suggesting that in cryABsilenced cells, ER stress would lead to rampant apoptosis. This comes in agreement with our previous findings showing an upregulation of cryAB in response to ER stress as well as decreased viability of cMs in the absence of cryAB under conditions of augmented ER stress (5) . This study did not differentiate between apoptosis by the intrinsic pathway and apoptosis induced by ER stress, but determining the contribution of ER stress to apoptosis in the absence of cryAB would be of interest.
Regulating the levels of apoptosis is an attractive target for ameliorating any ischemic injury in the heart. Our results contribute to delineating the involvement of cryAB in the intrinsic and ER stress pathway of apoptosis activated by ROS-induced oxidative damage. ROS are known to play a major role in the pathogenesis of myocardial dysfunction in a variety of conditions, including I/R injury (16) , with H 2 O 2 playing a significant role in oxidative stress injury (39) . Therefore, determining where in the apoptotic cascade cryAB intervenes to prevent H 2 O 2 injury can have therapeutic implications for cardiac disease. For instance, it has been shown that administration of exogenous cryAB significantly improves murine cardiac function after I/R injury and that it decreases caspase 3 activity and apoptosis in hypoxic human endothelial cells but not in mouse atrial CMs (40) . Consistent with the work by Velotta et al. (40) , who investigated cryAB in human endothelial cells, our study in ventricular CMs showed that cryAB intervenes and modulates apoptosis by interacting with VDAC, TOM 20, caspase 3, and caspase 12 in ventricular CMs. This suggests that therapeutic administration of cryAB could target and inhibit the intrinsic and ER stress pathways of apoptosis in ventricular CMs, thus potentially contributing to improved cardiac function. Further studies focusing on the extrinsic pathway of apoptosis and alternate death pathways, such as autophagy and necrosis, would therefore prove quite insightful.
